Broad, intense, quiescent beam of singly charged metal ions obtained by extraction from self-sputtering plasma far above the runaway threshold 
I. INTRODUCTION
For many applications of ion beams, it is highly desirable to have a stable, reliable source of ions with high current density and low beam divergence, i.e., high brightness and low emittance. Additionally, beams should be of low noise and high purity in terms of elemental composition and ion charge states. It is difficult to generate intense beams of heavy ions containing only one charge state because, on the one hand, high power density is required to generate the dense plasma, and on the other hand, the high power density will promote the generation of doubly or even higher charged ions 1, 2 .
Considering broad beam sources of metal ions, the vacuum arc ion source 1 comes to mind. It can deliver high beam current, however, such source is also known for a rather broad distribution of ion charge states and large beam noise. Fluctuations of the plasma density caused by explosive plasma formation 3 necessarily produces changes at the plasma meniscus, the boundary of plasma in an extraction system 1, 4 , followed by fluctuations of the beam emittance. To mitigate this issue, it is common to "define" the emitting surface by a fine mesh placed on the plasma grid of the extractor system.
In this contribution we will show that this fundamental dilemma of high power density and the presence of multiple charge states can be overcome in an elegant manner for a certain class of metals by using sustained self-sputtering plasma far from the runaway threshold. We will demonstrate that high purity in elemental and charge state composition can be obtained with high current density and low noise, and we will argue that such source could be readily scaled to very large cross section with good beam uniformity.
II. SOME THEORETICAL CONSIDERATIONS OF ION BEAMS AND SELF-SPUTTERING PLASMAS
An ion source generally consists of an ion generator, either a field emitter or plasma-producing discharge, coupled to an ion extraction and acceleration system.
Multiple-aperture three-grid systems (acceleration-deceleration) are commonly used to obtain a set of beamlets which merge to form a broad beam as the beam propagates 1,4,5 .
The quality of the beam (high brightness, low emittance) largely depends on the properties of the plasma, specifically on the fluctuation of the plasma density and transverse ion temperature. It is generally desirable to work with dense, quiescent plasmas because the spreading of the beam due to space charge can be offset by optimizing the shape of the concave meniscus of the plasma boundary at the extracting aperture. Spreading by space charge can be quantified by the perveance 4 ,
or normalized perveance, also known as poissance, n P P χ = , where i I is the ion current transported in one aperture, is the accelerating voltage, and
is the Child factor which depends on the ion mass ;
ε is the permittivity of free space and e is the elementary charge. The maximum current is given by the well-known Child
where d is the grid spacing 4 . Well collimated beams have a poissance less than unity, preferably ~ 0.1-0.2.
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High power impulse magnetron sputtering (HiPIMS) discharges generate dense plasmas [6] [7] [8] [9] . Here we follow the ideas that (i) the plasma can be completely metal dominated when operated with sustained self-sputtering, (ii) the charge state distribution is dominated by singly charged ions due to charge exchange reactions, and (iii) the discharge parameters may be selected such that fluctuations are minimal.
Self-sputtering 10 can run away for target materials of low surface binding energy, like copper, meaning the that self-sputtering amplifies itself when the self-sputtering parameter Π exceeds unity 9, 11, 12 ,
where α is the probability that a sputtered atoms is ionized, β is the probability that the newly formed ion returns to the target, and SS γ is the self-sputtering yield. Runaway is slowed by (a) the increasing flux of sputtered atoms that cools the plasma electrons (α decreases), and (b) increasing ion "losses," i.e., flux of ions not returning to the target ( β decreases). As a desirable side effect, the latter implies that more ions are available for deposition 9 or extraction. The discharge settles at new equilibrium characterized by , which typically happens on a timescale of 10 µs and at target power densities of ~1 kW/cm 2 or greater.
Π =
It is not trivial to expect that the plasma will exhibit a charge state distribution function dominated by a single charge state at very high power densities. Indeed, doubly and even higher charged ions have been detected in some HIPIMS plasmas [12] [13] [14] [15] 19 shows that the condition (5) is not fulfilled for any singly charged ion of any metal. The consequence is that, for pure metal plasma, at least a small percentage of ions hitting the target needs to be doubly charged 16 .
A large sputtering yield, enabling a large flux of neutral atoms, may also be utilized to achieve the goal of a charge-state-pure ion beam via annihilation of the higher charge states before they reach the extractor by non-resonant charge exchange reactions
where M stands for the neutral atom and M Q+ represents the Q-fold charged ion of the same metal. is the energy defect, i.e. the difference of the ionization energies of the colliding particles before and after electron transfer. For the most relevant case of we have
and the results are listed in Table I . The cross section is generally very large 20, 21 , typically , with the M (Q-1)+ ion usually highly excited to provide quasiresonant conditions 22 . For Cu and Bi, the energy defect is larger than the first ionization energy and therefore both collision products need to be in the excited state to satisfy energy conservation. All reactions of the type Neglecting for a moment collisions, this flux can be used to determine the initial density of sputtered atoms,
where a E is the average energy of the sputtered atoms. Considering the case of copper and assuming and 600 eV , is therefore about 1.8 cm or less.
Some of the initially sputtered atoms will collide with the background gas and lose kinetic energy. As a consequence, the gas density will be reduced (rarefaction 24   ) but the density of sputtered atoms will be increased, an effect well known and utilized in ionized physical vapor deposition (i-PVD) 25 . As metal ions are formed near the target, a large portion will be accelerated to the target, and thereby momentum is provided towards the target via resonant ion-atom collisions ,
where the tilde marks one of the colliding particles. The cross sections for resonant charge exchange are well studied; data for the energy range of 1-10 eV of kinetic energy in the center-of-mass reference frame are given in Table I 26 . As the charge exchange process evolves, slowing of the sputtered flux becomes stronger, the metal density increases, and this positive feedback promotes further metal ionization because the sputtered atom resides longer in the zone where magnetized electrons cause impact 7 ionization collisions. The mean free path of sputtered particles is more likely to be on the millimeter scale, or even less, and therefore the character of the metal flux completely changes from ballistic in the initial phase of the discharge to diffusive in the sustained self-sputtering phase. This means that in the equilibrium phase far above the selfsputtering threshold, the sputtered atoms are likely to change several times from atom to singly charged ion and back, and very few multiply charged ions should be expected.
III. EXPERIMENTAL
The experimental results reported here were obtained with a 2 inch (5 cm) planar magnetron fed by a 3 Ω, 250 µs pulse-forming-network (PFN) charged up to 1000 V.
The whole system was electrically isolated from ground and operated a potential of up to 45 kV above ground to allow extraction of ions from the self-sputtering plasma. The system is similar to what was used for recent time-of-flight (TOF) spectrometer experiments 27 . Here, however, the whole grid with 163 holes of 4.7 mm diameter each was utilized. A fine mesh with 60% transmittance was spot-welded to the plasma-facing side of the first grid, resulting in a nominal extraction area of 17 cm 2 . Ion extraction was realized using an unsophisticated (non-Pierce) multi-aperture three-grid accelerationdeceleration extraction system in 4 cm distance from the target, with the acceleration grid distance of 1.28 cm. The grids were also used to limit conductance between the discharge zone and the main chamber, the latter being pumped by a 1500 l/s cryogenic pump. In this way it was ensured that a sufficiently high initial gas pressure (~ 0.2 Pa) and later high plasma density can exist near the target while the mean free path in the time-of-flight spectrometer is larger than the spectrometer's length. The TOF data confirmed that the plasma is dominated by singly charged ions, especially after the initial transient phase when doubly charged ions are still observed in significant quantities. This is illustrated in Fig. 3 for the copper and bismuth. Almost identical results were obtained for zinc, which is not further shown for space reasons.
Steady-state is reached about 50 µs after the start of the current pulse. Single charged copper ions are already dominant after 25 µs, and in steady-state they comprise more than 95% of all ions. It is conceivable that this percentage could be even further increased by eliminating the gas component altogether by using "gasless" sputtering, where pulses are initiated by other means such as a short vacuum arc pulse 29 .
The goal of a low noise, almost pure metal ion beam of single charge state is thus demonstrated. Such ion beam based on self-sputtering plasma can be elegantly contrasted to a conventional metal ion beam from a vacuum arc ion source, up to now the most prolific metal ion source, by picking a pulse event that features both self-sputtering and arcing. Fig. 4 displays such event in which arcing onset accidentally happened in the middle of the pulse discharge pulse. A charging voltage pulse of 920 V was applied, and the current rose about 45 µs later, reaching approximate steady-state of 80 A within 50 µs, at which time the burning voltage was about 650 V. This is the quiescent magnetron discharge based on sustained copper self-sputtering. Suddenly, at 180 μs t = , arcing set in, characterized by a sharp drop of the burning voltage and an increase in the discharge current. The system switched to conditions comparable to those of conventional vacuum arc ion sources 30 , where metal plasma with a broad charge state distribution is produced at non-stationary cathode spots 3 . In our example, the current peaked at 260 A. The voltage is noisy and less than 100 V, which is higher than in a conventional vacuum arc 31 due to the magnetic field structure 32, 33 .
Before arcing, in the sustained self-sputtering phase, the power was 52 kW, corresponding to a nominal average target power density of 2.6 kW/cm 2 ; though it is more physical to not consider the total target area but the active or "race track" area, which is about 8 cm 2 , leading to 6.5 kW/cm 2 . In the arc phase, power dissipation drops sharply (due to the sharp voltage drop) and then shows a transient peak (due to the current rise) of about 25 kW. Regardless of this total power, the power density at the very small, nonstationary cathode spots is about 10 5 times greater than the characteristic target power density of sustained self-sputtering, and therefore it is not too surprising that the self-sputtering processes are quiescent, whereas the explosive cathode spot phenomena cause large, fractal fluctuations 3, 34 and produce multiply charged ions 2, 30 .
Finally, let us consider the scalability of a self-sputtering ion source. In terms of intensity scaling it is not different than any other ion source except that, as long as discharge conditions are chosen that do not promote plasma instabilities, the quiescent nature makes it easier compared to the vacuum ion source. Due to the high burning voltage, the power dissipation is high, and therefore self-sputtering plasma far above the runaway threshold can deliver even greater ion fluxes than the vacuum arc 9 at comparable current. The self-sputtering ion source may surpass the vacuum arc ion source also in terms of broad-beam scaling because it has been shown that HIPIMS and the related self-sputtering processes can be done on much larger targets 13 . Magnetrons come in circular, elongated, or other shapes, and therefore it is straightforward to envision broad beams of circular or "linear" cross section.
IV. SUMMARY AND CONCLUSIONS
In summary, we have shown that the quiescent plasma obtained via sustained selfsputtering, far above the runaway threshold, of metals with high self-sputtering yield (here copper, zinc, bismuth) is well suited to supply ions for extraction and beam formation. This is the basis for a new ion source: a self-sputtering ion source. Even as the discharge pulses are conveniently initiated through the presence of gas, the gas component is very small because self-sputtering is driven far above the self-sputtering threshold such that the plasma becomes completely dominated by metal ions. The transition to sustained self-sputtering is completed typical within 50 µs after current onset, and this implies that long pulses of 100 µs or longer are preferable. Through timeof-flight spectrometry it was shown that singly charged metal ions exceed by far any other ion species. This is in contrast to vacuum arc ion sources, which are noisy and contain multiply charge states. The relative charge state purity can be ascribed to annihilation of doubly or higher charged ions through non-resonant charge exchange reactions, followed by diffusion which is facilitated by resonant charge exchange
collisions. This concept was demonstrated for Cu, Zn, and Bi, and the highest ion beam current obtained was 300 mA of Cu + at an extraction voltage of 45 kV, which approximately corresponds to the Child limit of the extraction system used. 
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